The microscale model has two spatial dimensions and represents a single fiber cross section ( Figure  1A ,B), while the macroscale model is 3-dimensional and represents a full fibrin clot ( Figure 1C -E).
as the crawling rate. In order for plasmin to crawl, the rate of unbinding must be much less than the rate of crawling (see Results and Supplementary Information "plasmin crawling calculation").
(d) plasmin-mediated degradation of fibrin.
(e) exposure of new binding sites.
9. The macroscale model:
(a) tracks tPA molecules as they diffuse through the clot, bind to fibrin and unbind from fibrin. (b) uses data obtained from the microscale model to determine when individual fibers degrade (tPA binding on the macroscale initiates the fibrinolytic cascade on the microscale, creating plasmin which degrades the fiber).
From the model, we know the amounts and spatial distributions of tPA, plasminogen, plasmin, and fibrin as functions of time.
Model Modifications Geometry
The first major change to the model presented in Bannish, et al. 1 is an adjustment of the microscale model domain to better reflect biologically realistic fibrin volumes and concentrations within a fiber. Fibrin fibers are approximately 20% protein and 80% water and have a fibrin concentration of about 824 µM 4, 5 . We use the same fibrin concentration for both thin and thick fibers. Several papers in the literature suggest this is not valid [6] [7] [8] , however there is sharp disagreement on the differences in protofibril arrangement in thin and thick fibers, so we prefer to keep the model simple until there is some consensus on this point. Consider a thin fiber with diameter 97.5 nm and a thick fiber with diameter 195 nm (in Bannish et al. 1 the diameters were 100 nm and 200 nm, respectively). For the thin fiber, instead of using 15 binding locations along one row of the square cross section, we now use 9. These binding locations correspond to protofibrils. For the thick fiber we now use 18 binding locations along one row instead of 30. This results in 19.63% of the fiber being protein, and an 800.95 µM fibrin concentration per fiber: In performing these calculations, each binding location is assumed to represent a protofibril. The calculations require volumes, so we assume that the "length" of a cross section is 22.5 nm -the distance between binding sites along a fiber. In a 22.5 nm length of protofibril there is 1 fibrin monomer, because the half-staggering arrangement of monomers results in one half of two separate fibrin monomers coming together to form the protofibril.
The new microscale domain is more accurate with respect to fibrin volume and concentration, and also with respect to protofibril spacing. When we calculated that 15 protofibrils would fit in one row of the thin fiber cross section in Bannish et al. 1 , we measured from one protofibril midpoint to the neighboring protofibril midpoint, and essentially packed protofibrils very close together. The new geometry, with protofibrils spaced 4.8 nm apart, is more realistic than abutting protofibrils and results in a far more accurate protein percentage (about 20% vs. 56%).
Because the microscale model domain is different, we must also adjust the macroscale model geometry. We take the fibrin concentration per fiber to be 800.95 µM and the fibrin concentration averaged over the clot to be 8.8 µM 9 . Given a fixed fiber diameter and assuming the clot is formed in a small chamber with dimensions 100 µm × 100 µm × depth µm, we find the number of lattice nodes and pore size necessary to keep these concentrations fixed. The new number of nodes in one row of the fine (coarse) lattice is 69 (35), with pore size 1.37 µm (2.74 µm). This results in a fine (coarse) clot with 14145 (3605) fibers. To calculate the node number, N, notice that the number of edges in a 3-D square lattice (that is one fiber deep in one direction) is N 2 + 2N (N − 1) (Supplement Figure 1) . To enforce concentrations, node number and pore size (p.s.) are found by solving the system of equations given below:
Length of lattice = nodes in one row × diameter + pores in one row × p. s.:
The final change to the macroscale model is the parameter which describes the concentration of fibrin on the fiber surface available for tPA binding, b. The fibrin concentration in a fiber is 800.95 µM, but not all of the fibrin protein is initially accessible for tPA binding. We define b (the concentration of fibrin available for tPA binding) to be the concentration of fibrin on the surface of the fiber. The number of protofibrils on the fiber surface is the number of binding locations along the edge of the square cross section. For a thin (thick) fiber, 32 (68) of the 81 (324) protofibrils are on the surface of the fiber, or 39.51% (20.99%) of the total fibrin. This means that the fibrin concentration on the surface of a fiber available for tPA binding is b = 316 µM in fine clots, and b = 168 µM in coarse clots. As before, the time that tPA binds to a fiber in the macroscale model is calculated from an exponential distribution with rate parameter b · k tPAon . given clot, we solve the equations 8.
Supplement
× 800.95 M (which says that the fibrin concentration in the clot should equal the fibrin concentration in a single fiber times the total number of fibers) and 100 m = × diameter + − 1 × p. s. (which says that the length of the clot should equal the sum of the lengths of the fiber diameters and the pore sizes in one row of the lattice). In these calculations, p.s. is pore size, the distance between fibers.
tPA activation and plasmin-mediated degradation In the microscale model described in Bannish et al. 1 , tPA could only convert plasminogen to plasmin if tPA and plasminogen were bound to the same doublet. Physiologically, however, the size of plasminogen (9-11 nm in diameter) 10 suggests that a plasminogen molecule bound anywhere in a 5-nm diameter protofibril cross section should be accessible to a tPA molecule in the same cross section. Therefore, we relax the constraint that tPA and plasminogen must share a doublet for conversion to plasmin to occur, and instead allow tPA to convert any plasminogen at the same binding location to plasmin. For simplicity we assume that the relative orientation of tPA and plasminogen is identical at any doublet at a given binding location, so the rate constants are the same as before, regardless of what doublet(s) the molecules inhabit. In practice, this amounts to the consideration of additional reactions in the Gillespie algorithm: now tPA can convert plasminogen on any of the 6 doublets at its location to plasmin. Similarly, we now allow plasmin to degrade any doublet at the same binding location, not just the doublet it occupies. This implies that plasmin is large enough to reach, and degrade, any of the 6 chains of the protofibril to which it is bound. If there is more than one degradable doublet at the same binding location as plasmin, we assume the rate of degradation for each doublet is the same, so there is no bias in which doublet is chosen for degradation. Similarly, the rate of conversion of plasminogen to plasmin is the same for each plasminogen molecule at the binding location containing tPA. Parameter values We adjust multiscale model parameters to reflect additional references from the literature. Table 1 contains the model parameters with the corresponding references. We have not found experimental measures of tPA and PLG binding and unbinding rates, only dissociation constants. We use binding rates from the modeling paper by Wootton, et al. 3 , and choose unbinding rates to satisfy the measured dissociation constants.
Using microscale data in the macroscale model In Bannish, et al. 1 we described how the microscale data was incorporated in the macroscale model. Briefly, when a tPA molecule bound to a fiber in the macroscale model we generated a random number and used it with the empirical cumulative distribution function (CDF) of tPA leaving times to determine when to unbind the tPA molecule. We then found the mean number of plasmin molecules generated in the chosen tPA leaving time. Finally, we used a power function fit to a scatter plot of the lysis time vs. plasmin number data to determine the lysis time associated with the given number of plasmin molecules.
With the modifications made to the microscale model, we no longer have linear and power law relationships (between tPA leaving time and number of plasmin molecules produced, and between number of plasmin molecules produced and lysis time, respectively) to exploit in the macroscale model, so we now directly use distributions. We record the tPA leaving times and lysis times from 10,000 microscale model simulations. If lysis does not occur in a given run, a placeholder lysis time of 9000 seconds is assigned. The tPA leaving time data are sorted in ascending order, and the lysis time data are rearranged accordingly to keep the lysis times in the same position as their corresponding tPA leaving times. We represent the 10,000 tPA leaving times by 100 discrete times (corresponding to the 100 percentiles of the original 10,000 tPA leaving times) and use this data to make an empirical tPA leaving time CDF. When a tPA molecule binds to a fiber in the macroscale model, a uniformly distributed random number, r 1 , is generated and used to interpolate a tPA leaving time from the CDF.
To determine when the fiber will degrade based on the tPA leaving time, we put the sorted 10,000 lysis times into 100 bins and select the 1 ×100 − 0.5 !" bin. Sorting the entries of this bin allows us to generate an empirical lysis time CDF for the chosen tPA leaving time. We then generate a second uniformly distributed random number and use it to interpolate a lysis time from the CDF. During the interpolation, if we access a lysis time of 9000 s (the placeholder time for when lysis does not occur), then tPA does not initiate lysis. The fiber to which tPA is bound will not degrade until another tPA molecule binds and a lysis time less than 9000 seconds is chosen from the CDF.
Calculation of the number of tPA molecules present with respect to fibrin fibers In experiments that inject a bolus of tPA at concentration 5 nM (much higher than the plasma concentration of 70 pM), there are only 3 tPA molecules per cubic micron in the clot:
Replacing 5 nM with 0.07 nM in the above calculation shows that a physiological tPA concentration corresponds to 0.04 molecules/µm 3 . Calculation of the average space between protofibrils The following calculation can be done for any size fiber, but for concreteness, consider a 97.5-nm diameter fibrin fiber. For ease of computation, assume the fiber cross section is a square of area equal to the circular cross section (Fig. 4 Since a fibrin fiber is approximately 20% protein, 20% of the cross sectional area (or 1493 nm 2 ) will be protein. The diameter of a protofibril is approximately 4.8 nm (as explained below). We assume that a protofibril is a solid cylinder of protein, so the amount of fibrin in the cross section of a single protofibril is π(2.4 nm) 2 = 18.09 nm 2 . This means there will be 1493 nm ! 18 nm ! ≈ 82 protofibrils in the 97.5-nm diameter fibrin fiber. Equally spacing these protofibrils in the square cross section results in an edge-to-edge distance between protofibrils of approximately 4.8 nm ( Figure  4) .
The protofibril diameter is calculated from the molecular weight of fibrin (340,000 g/mole), and the fact that there is one full molecule in each 22.5 nm length of protofibril. The volume of a single protofibril can be approximated as V=22.5 π r 2 nm 3 /molecule = 22.5 π r 2 ×10 -21 cm 3 /molecule.
, so setting V=
=22.5 π r 2 ×10 -21 and solving for r gives r = 2.4 nm. Plasmin crawling calculation Consider a plasmin molecule with 2 "limbs" it can use to crawl. There are 4 possible states this molecule can be in: Ŝ 11 (both limbs are bound to fibrin), Ŝ 10 (the first limb is bound to fibrin, the second is unbound), Ŝ 01 (the second limb is bound to fibrin, the first is unbound), and Ŝ 00 (both limbs are unbound) ( Figure 5A ). Plasmin is bound to fibrin in all states except Ŝ 00 . The molecule transitions between states according to the reaction diagram in Figure 5B , where we have grouped the Ŝ 10 and Ŝ 01 states into one state (called S 10 ), and we define S 00 = Ŝ 00 , S 11 = Ŝ 11 . We imagine that the plasmin molecule crawls by unbinding one limb and rebinding it elsewhere, while keeping the other limb bound, so S 10 represents the states from which plasmin will either step (bind the unbound limb) or unbind completely (unbind the bound limb). We are interested in the mean exit time (i.e., the time before plasmin totally unbinds and enters the S 00 state), and the mean number of transitions that can be completed in that time. We leave out the possibility of S 00 to S 10 transitions since we want to know the number of transitions that occur before the plasmin molecule reaches the S 00 state. The rate of transitioning from S 11 to S 10 is k − , the rate of transitioning from S 10 to S 11 is k + , and the rate of transitioning from S 10 to S 00 is l − .
In the model depicted in Figure 5B , we assume that transition from S 10 to S 11 is an attempted crawling step. We say "attempted" because this model cannot tell us where the limb bound, only that it did bind. A true step would be one in which the limb bound to a different site than that from which it unbound. So the mean number of transitions (i.e., steps) between states S 10 and S 11 obtained with this model will be an overestimate of the number of steps, since not all these transitions will result in a true crawling step. There must be a large number of transitions before total unbinding (i.e., before reaching state S 00 ) in order for a plasmin molecule to crawl. We calculate the mean number of transitions as follows:
Assume the plasmin molecule is in state S 10 , since this is the most qualitatively interesting state (it represents the state from which a bound plasmin molecule can transition to an unbound molecule). We are interested in the mean number of transitions between states S 10 and S 11 before complete unbinding. A molecule in state S 11 can only transition to S 10 , so assuming the molecule starts in state S 10 could underestimate the number of transitions by 1 (by not considering the first transition from S 11 to S 10 ) if the molecule actually started in state S 11 . The probability the first transition from S 10 is to S 11 is
, and the probability the first transition is to S 00 is 1 −
However, several transitions between states S 10 and S 11 may occur before plasmin unbinds (reaches state S 00 ). Let N be the number of times plasmin transitions to S 11 before unbinding and calculate the probability distribution for N,
is the probability of n transitions before unbinding. Then the expected number of transitions before unbinding is
where we have used the definition of the Maclaurin series of 1/(1-A) and the fact that power series with a nonzero radius of convergence can be differentiated term by term. The intrinsic plasmin unbinding rate from fibrin is ! . We see that this intrinsic unbinding rate (or the rate of one limb unbinding when one is already unbound) must be small in comparison to k + (the rate of one limb binding when the other is bound) in order for plasmin to make many crawling steps. If the rates are similar, then ! ≈ ! and the molecule only takes 1 step, on average. The rate ! is comparable to the plasmin unbinding rate that we use in the microscale model ( !"#$"% !"# ), and ! can be thought of as a crawling rate ( !"#$% !"# ). Therefore, if we take !"#$"% !"# = 0.05 s !! and !"#$% !"# = 57.6 s !! , we satisfy the condition ! ≪ ! and are guaranteed that plasmin will actually crawl. A final note: We see that ! (the rate of one limb unbinding when both are bound) does not affect how many steps occur, but will affect how long it takes a step to occur. That is, ! affects travel time, not distance traveled.
